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The  performances  and  mechanisms  of  two  types  of  anodes  formed  by  FeSn2  microparticles  and  nanos¬ 
tructured  FeSn2,  respectively,  were  studied  by  Mossbauer  spectroscopy  and  electrochemical  testing.  The 
specific  capacity,  which  is  within  the  range  400-600  mAh  g_1  even  at  high  C-rate,  did  not  vary  with 
cycle  number  over  50-60  cycles  for  the  microparticles  but  progressively  decreased  for  the  nanostruc¬ 
tured  material.  In  the  two  cases,  the  first  discharge  consists  in  the  irreversible  transformation  of  FeSn2 
into  Fe/Li7Sn2  nanocomposite.  The  capacity  fade  is  attributed  to  the  growth  and/or  coalescence  of  the 
particles  during  cycling. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Improvements  in  the  energy  density  of  Li-ion  batteries  require 
the  development  of  new  electrode  materials  with  high  specific 
capacity.  This  can  be  obtained  for  anode  materials  by  moving  from 
graphite  (340mAhg_1)  to  metals  that  form  alloys  with  lithium 
such  as  silicon  (4200  mAh  g-1 )  or  tin  (990  mAh  g-1 ).  ITowever,  such 
alloying  reactions  are  associated  to  large  volume  variations  that 
lead  to  loss  of  electrical  contacts  during  cycling  and  capacity  fade. 
In  order  to  improve  the  cycle  life,  M-Sn  and  M-Sn-C  materials, 
where  M  is  a  transition  metal,  have  been  proposed  [1-5].  The  elec- 
trochemically  inactive  metallic  particles  M,  extruded  during  the 
first  lithiation,  are  expected  to  buffer  the  volume  variations  and 
to  limit  the  growth  and  coalescence  of  tin  based  particles  during 
the  electrochemical  cycling.  In  addition,  the  electrochemical  per¬ 
formances  are  often  found  to  be  improved  by  the  use  of  small  M-Sn 
particles.  But  this  also  increases  the  reactivity  of  the  particles  with 
electrolyte  and  the  irreversible  capacity  of  the  first  discharge.  Thus, 
it  is  still  interesting  to  compare  the  performances  of  microsized  and 
nanosized  particles. 
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Cobalt  is  certainly  one  of  the  most  studied  transition  metals.  It 
has  been  used  with  Sn  and  C  to  form  nanostructured  alloys  as  com¬ 
mercialized  by  Sony  in  2005  [6]  and  seems  to  be  the  best  candidate 
for  the  Sn-M-C  composites  [7].  In  order  to  reduce  the  cost  of  the 
electrode  materials,  the  partial  substitution  of  Co  by  Fe  has  been 
proposed  recently  [8]  and  it  should  be  interesting  to  reconsider 
iron-tin  based  anodes.  The  most  tin  rich  binary  phase,  FeSn2,  was 
studied  in  the  past  as  possible  nanostructured  anode  material  for 
Li-ion  batteries  [9]  but  to  our  knowledge  there  is  no  published  study 
on  FeSn2  microparticles  obtained  by  ceramic  route.  In  the  present 
study,  we  compare  the  specific  capacities  of  both  FeSn2  micropar¬ 
ticles  and  nanostructured  materials  at  different  C-rates.  Mossbauer 
spectroscopy  was  used  to  characterize  the  electrode  at  the  end  of 
the  first  discharge  which  is  an  essential  step  in  the  restructura¬ 
tion  of  the  pristine  electrode.  This  technique  is  also  used  to  relate 
the  observed  capacity  fade  to  changes  in  the  particle  morphology 
during  cycling. 

2.  Experimental 

The  FeSn2  microparticles  were  prepared  directly  from  pure 
elements:  micrometric  Sn  (Sigma-Aldrich,  99.5%  purity)  and  Fe 
(Sigma- Aldrich,  99.5%  purity)  in  an  alumina  crucible  under  con¬ 
trolled  Ar/FI2  (5%)  atmosphere,  heated  at  470  °C  for  5h  before 
air-quenched.  The  FeSn2  nanostructured  particles  were  obtained 
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by  ball  milling  from  the  FeSn2  microparticles  (Retsch  PM  100)  with 
stainless  steel  balls  and  grinding  jars.  A  powder  charge  of  3  g  was 
milled  with  five  balls  of  5  g  each  for  72  h  but  stopped  every  1 5  min 
active  milling  during  1 5  min  for  the  cooling  of  the  powder.  The 
purity  and  the  crystallinity  of  the  powder  materials  were  controlled 
by  X-ray  diffraction  (XRD)  with  a  PHILIPS  X’Pert  MPD  equipped  with 
the  X’celerator  detector.  The  XRD  patterns  were  recorded  using  Cu 
Ka  radiation  (A  =  1.5418  A).  The  morphology  of  the  samples  was 
characterized  by  scanning  electron  microscopy  (SEM). 

Electrochemical  tests  were  carried  out  with  Swagelok™-type 
two-electrode  cells  assembled  inside  an  argon-filled  glove  box. 
A  lithium  foil  was  used  as  counter  electrode.  The  working  elec¬ 
trode  was  made  up  of  80wt.%  pristine  material,  10wt.%  polymer 
binder,  and  10wt.%  carbon  black  (SP)  as  conductive  additive,  and 
deposed  on  cupper  film  by  a  doctor  blade.  Polyvinylidene  fluoride 
(PVDF)  was  used  as  binder  for  electrochemical  tests,  while  poly- 
tetrafluoroethylene  (PTFE)  was  used  for  XPS  characterization.  For 
Mossbauer  measurements,  a  PTFE  based  composite  was  pressed 
into  pellets  (7  mm  diameter).  The  electrolyte  was  composed  of  1  M 
LiPF6  with  ethylene  carbonate  (EC)  and  dimethyl  carbonate  (DMC), 
EC:DMC  1:1.  A  glass  microfiber  paper  (Whatman)  was  used  as  sep¬ 
arator.  Electrochemical  discharge/charge  curves  were  recorded  on 
a  Maccor  Series  4000  Battery  test  system  (or  multichannel  Mac  Pile 
II  system  for  Mossbauer  measurements)  under  galvanostatic  condi¬ 
tions  at  different  C-rate  regimes:  C/50-lC(lCcorresponds  to  a  full 
first  discharge  of  the  cell  in  1  h)  between  0.01  and  1.2  V  vs.  Li+/Li°. 

XPS  measurements  were  carried  out  with  a  Kratos  Axis  Ultra 
spectrometer  using  a  focused  monochromatized  Al  Ka  radiation 
(hv  =  1486.6  eV).  For  the  Ag  3d5/2  line,  the  full  width  at  half  max¬ 
imum  was  0.58  eV  under  the  recording  conditions.  The  binding 
energy  scale  was  calibrated  from  the  carbon  contamination  using 
the  C 1  s  peak  at  285.0  eV.  Core  peaks  were  analyzed  using  a  nonlin¬ 
ear  Shirley-type  background.  The  peak  positions  and  areas  were 
optimized  by  a  weighted  least-square  fitting  method  using  70% 
Gaussian,  30%  Lorentzian  lineshapes. 

119Sn  and  57Fe  Mossbauer  spectra  were  recorded  in  transmis¬ 
sion  geometry  and  constant  accelerator  mode  at  room  temperature 
with  119mSn  in  a  CaSn03  matrix  and  57Co(Rh)  as  sources,  respec¬ 
tively.  In  the  two  cases,  the  velocity  scale  was  calibrated  using  the 
magnetic  six-line  spectrum  of  a  high-purity  iron  foil  absorber  as  a 
standard  and  using  57Co(Rh)  as  the  source.  The  hyperfine  param¬ 
eters  were  determined  with  a  non-linear  least-square  method,  by 
using  the  program  GM5SIT  [10]  and  the  Lorentzian  profiles.  The  iso¬ 
mer  shifts  are  given  with  respect  to  BaSn03  and  a-Fe  for  the  119Sn 
and  57Fe  Mossbauer  measurements,  respectively. 


3.  Results  and  discussion 

The  XRD  patterns  show  that  both  microparticles  and  nanos- 
tructured  materials  have  good  crystallinity  and  high  purity.  All 
the  diffraction  peaks  can  be  assigned  to  FeSn2  (Fig.  1).  The  aver¬ 
age  sizes  of  the  secondary  particles  were  roughly  evaluated  from 
SEM  to  several  micrometers  and  several  hundred  nanometers,  for 
microparticles  and  nanostructured  particles,  respectively  (Fig.  2). 
The  two  types  of  FeSn2  particles  can  be  easily  distinguished 
from  their  119Sn  Mossbauer  spectra  at  room  temperature  (Fig.  3). 
The  observed  differences  are  due  to  the  antiferromagnetic  [11] 
and  superparamagnetic  [12]  properties  of  the  microparticles  and 
nanostructured  particles,  respectively.  The  hyperfine  parameters 
obtained  from  the  spectra  (Table  1)  are  in  good  agreement  with 
previously  published  values,  which  confirms  the  purity  of  the  mate¬ 
rials. 

The  specific  capacity  of  the  first  discharge  is  of  about 
800  mAh  g-1  for  the  microparticles  at  all  the  C-rates  considered  in 
the  present  study  and  rise  up  to  more  than  1000  mAh  g-1  for  the 


Fig.  1.  XRD  patterns  of  nanostructured  FeSn2  (a)  and  FeSn2  microparticles  (b). 

nanostructured  materials  at  low  C-rates.  In  all  the  cases,  there  is 
a  large  irreversible  capacity  loss  between  the  first  discharge  and 
the  first  charge  leading  to  a  reversible  capacity  in  the  range  of 
400-600  mAh  g-1.  At  high  C-rates  (C/5-C),  the  specific  capacity  of 


Fig.  2.  SEM  images  of  nanostructured  FeSn2  (a)  and  FeSn2  microparticles  (b).  Scale: 
1  |jim  (horizontal  bar). 
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Table  1 

119Sn  and  57Fe  Mossbauer  parameters  for  FeSn2  powders  and  electrode  materials:  isomer  shift  (5),  quadrupole  splitting  (zl),  magnetic  hyperfine  field  ( H ),  linewidth  (T)  and 
relative  contribution  (RC).  The  119Sn  and  57Fe  isomer  shifts  are  given  with  respect  to  BaSn03  and  a-Fe,  respectively.  The  two  119Sn  components  of  the  spectra  at  the  end  of 
discharge  are  labeled  by  the  Sn  site  symmetry  within  Li7Sn2  while  those  of  57Fe  denote  superparamagnetic  (1)  and  ferromagnetic  (2)  components. 


Site 

8  (mms-1) 

A  (mms-1) 

H(  T) 

r  (mms-1) 

RC  (%) 

FeSn2  microparticles 

119Sn 

2.18 

0.83 

2.4 

0.89 

100 

Nanostructured  FeSn2 

119Sn 

2.20 

0.9 

- 

0.94 

100 

Electrode-FeSn2  microparticles 

119Sn 

4  i 

1.88 

0.23 

- 

0.99 

50 

End  of  1st  discharge 

4  h 

1.98 

0.72 

- 

0.99 

50 

Electrode-nanostructured  FeSn2 

119Sn 

4  i 

1.88 

0.17 

- 

0.96 

50 

End  of  1st  discharge 

4  h 

1.96 

0.68 

- 

0.96 

50 

Electrode-FeSn2  microparticles 

119Sn 

4  i 

1.92 

0.29 

- 

0.98 

50 

End  of  30th  discharge 

4  h 

2.00 

1.08 

- 

0.98 

50 

57  Fe 

1 

0.22 

0 

0 

0.99 

53 

2 

0.16 

0 

32.6 

0.88 

47 

the  microparticles  is  almost  constant  until  about  50-55  cycles  and 
then  decreases,  while  it  continuously  decreases  for  the  nanostruc- 
tured  particles  as  shown  in  Fig.  4  for  the  1C  rate.  Such  capacity 
retention  was  obtained  at  1 C  after  a  first  discharge  at  C/1 0  as  activa¬ 
tion  process  because  using  initial  high  C-rate  leads  to  a  progressive 
increase  of  the  specific  capacity  for  the  first  10  cycles  (Fig.  5).  This 
shows  that  first  discharge  is  of  real  importance  in  the  electrochem¬ 
ical  behavior  of  intermetallic  compounds.  At  lower  C-rate  such  an 
activation  step  was  not  necessary  to  stabilize  the  capacity.  The 
comparison  with  |3Sn  nanoparticles  clearly  indicates  the  positive 
role  of  iron  on  capacity  fade  (Fig.  4).  This  is  usually  attributed  to 
the  formation  of  metallic  nanoparticles  during  the  first  discharge 
of  intermetallic  compounds  (conversion  reaction).  These  metal¬ 
lic  particles  are  electrochemically  inactive  and  are  expected  to 
mechanically  buffer  volume  variations  during  the  electrochemical 
reaction  of  lithium  with  tin  after  the  first  discharge.  Similar  per- 


Velocity  (mm/s) 


Velocity  (mm/s) 

Fig.  3.  119  Sn  Mossbauer  spectra  at  room  temperature  of  nanostructured  FeSn2  (a) 
and  FeSn2  microparticles  (b). 


Fig.  4.  Specific  capacities  of  nanostructured  FeSn2  (circles),  FeSn2  microparticles 
(triangles)  and  |3Sn  nanoparticles  (squares)  as  a  function  of  the  cycle  number  at  1C 
rate.  The  full  and  empty  symbols  denote  the  discharges  and  charges,  respectively. 

formances  were  obtained  at  C/5  and  C/10.  Only  a  small  decrease  in 
the  specific  capacity  and  a  poorer  capacity  retention  were  observed 
at  lower  C-rates  (<C/10).  Thus,  for  both  microparticles  and  nanos¬ 
tructured  materials  and  at  all  the  C-rates  studied  here  (C/50-1  C), 
there  is  a  significant  decrease  of  the  specific  capacity  after  about  50 
cycles.  Such  a  behavior  was  also  observed  for  Fe-Sn-C  composites 
[5]. 

The  main  differences  between  the  voltage  profiles  of  micropar¬ 
ticles  and  nanostructured  materials,  obtained  at  low  lithium  rates, 
concern  the  first  discharge  (Fig.  6).  In  the  two  cases,  the  potential 


Fig.  5.  Specific  capacities  of  FeSn2  microparticles  based  electrodes  as  a  function 
of  the  cycle  number  at  1C  rate  without  (circles)  and  with  (squares)  a  first  dis¬ 
charge  at  C/10  rate.  The  full  and  empty  symbols  denote  the  discharges  and  charges, 
respectively. 
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curves  show  a  small  plateau  at  about  0.9  V  due  to  the  formation  of 
the  solid  electrolyte  interphase  (SEI)  at  the  surface  of  the  carbon¬ 
ated  additive  surface.  Then,  for  the  microparticles,  the  potential 
decreases  until  the  reaction  of  about  1  Li  and  forms  a  well  defined 
plateau  at  about  0.2  V  until  6  Li  and  then  drops  to  0  V  at  the  end  of 
discharge  («7  Li).  For  the  nanostructured  particles  there  is  a  contin¬ 
uous  decrease  of  the  potential  until  the  end  of  discharge  at  about  8.5 
Li.  No  changes  were  observed  in  the  experimental  data  obtained  by 
XRD  and  Mossbauer  spectroscopy  at  the  beginning  of  the  discharge 
(<1  Li  for  microparticles  and  1 .5  Li  for  nanostructured  particles)  sug¬ 
gesting  that  FeSn2  did  not  react  with  lithium.  This  is  confirmed  by 
XPS  spectra  recorded  after  reaction  with  0.5  and  1  Li.  Indeed,  they 
display  a  strong  decrease  of  the  signals  of  the  FeSn2  material  (Sn  3d 
peak)  and  of  the  carbon  black  (C  Is  peak)  resulting  from  the  cov¬ 
ering  process  of  the  electrode  by  the  SEI  film.  This  shows  that  all 
the  lithium  at  the  very  beginning  of  discharge  has  been  consumed 
to  form  the  surface  film.  An  example  of  C  Is  spectrum  obtained 
for  the  FeSn2  electrode  (microparticles)  after  reaction  with  1  Li  is 
given  in  Fig.  7.  It  shows  a  weak  C  Is  component  at  283  eV  assigned 
to  carbon  black,  whereas  it  is  the  main  component  of  the  pristine 
electrode.  The  C  Is  peak  of  the  PTFE  binder  (CF2)  at  292.5  eV  is  still 
well  observable  since  it  was  not  covered  by  the  SEI.  Four  additional 


Fig.  7.  XPS  C  Is  spectrum  of  the  FeSn2  electrode  (microparticles)  after  reaction  with 
one  lithium  (x  =  1)  upon  the  first  discharge  of  a  FeSn2/Li  cell. 
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Fig.  8.  119  Sn  Mossbauer  spectra  at  room  temperature  of  nanostructured  FeSn2  (a) 
and  FeSn2  microparticles  (b)  based  electrodes,  at  the  end  of  the  first  discharge. 


components  at  285, 286.5, 288.5  and  290  eV  are  observed  after  dis¬ 
charge,  corresponding  to  carbon  atoms  in  CH2,  C-O,  0=C-0  and 
C03-like  environments,  respectively.  They  display  the  formation  of 
carbonaceous  species  making  up  the  SEI,  resulting  from  the  degra¬ 
dation  of  the  electrolyte’s  solvents  at  the  surface  of  the  electrode. 
Several  mechanisms  can  be  found  elsewhere  [13].  Similar  C 1  s  spec¬ 
tra  were  observed  after  further  discharge,  and  are  also  similar  to 
C  Is  spectra  recorded  with  other  tin-based  intermetallics  such  as 
Cu6Sn5  [14]  or  Ni3Sn4  [15]. 

After  the  SEI  formation,  both  XRD  patterns  and  Mossbauser 
spectra  show  changes  that  can  be  attributed  to  the  transforma¬ 
tion  of  FeSn2  into  Li-Sn  alloys.  As  previously  observed  for  other 
tin  intermetallic  compounds  it  is  difficult  to  determine  the  compo¬ 
sition  of  the  fully  lithiated  products  from  this  technique  because 
of  the  small  size  and/or  the  poor  crystallinity  of  the  particles.  In 
this  case,  atomic-scale  characterization  tools  such  as  Mossbauer 
spectroscopy  are  of  great  help  [15,16].  At  the  end  of  discharge,  the 
119Sn  Mossbauer  spectra  obtained  for  both  FeSn2  microparticles 
and  nanostructured  materials  are  very  similar  (Fig.  8).  The  hyper- 
fine  parameters  (Table  1 )  are  close  to  those  obtained  at  the  end 
of  the  discharge  of  other  tin  intermetallic  compounds  and  can  be 
assigned  to  Li7Sn2  [  1 6,1 7].  It  is  worth  noting  that  values  of  one  of  the 
highest  quadrupole  splitting  differ  from  those  of  bulk  Li7Sn2  [18]. 
This  can  be  explained  by  differences  in  the  Sn  local  environments 
due  to  the  small  size  and/or  the  poor  crystallinity  of  the  Li7  Sn2  parti¬ 
cles  formed  within  the  electrode.  Thus,  for  the  two  types  of  pristine 
materials,  the  first  discharge  consists  in  the  transformation  of  FeSn2 
into  a  Fe/Li7Sn2  nanocomposite.  The  observed  differences  in  the 
shape  of  the  potential  curves  cannot  be  attributed  to  strong  dif¬ 
ferences  in  the  electrode  restructuration  mechanisms  but  could  be 
due  to  interface  reactions,  which  are  more  important  in  nanostruc¬ 
tured  materials,  or  to  differences  in  kinetic  effects  that  are  related 
to  particle  size  or  morphology.  The  additional  1.5  Li  involved  in  the 
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Fig.  9.  119Sn  (a)  and  57Fe  (b)  Mossbauer  spectra  at  room  temperature  of  the  FeSn2 
microparticles  based  electrode  at  the  end  of  the  30th  discharge. 


first  discharge  of  nanostructured  particles  could  be  due  to  these 
effects  and  to  a  small  amount  of  unreacted  FeSn2  microparticles 
that  cannot  be  detected  by  Mossbauer  spectroscopy. 

The  charge  process  is  more  complex  and  will  be  described  in 
details  for  the  microparticles  elsewhere.  But  since  similar  Fe/Li7Sn2 
nanocomposites  were  obtained  at  the  end  of  the  first  discharge  for 
the  two  types  of  electrodes,  a  simple  qualitative  explanation  can 
be  proposed  based  on  the  previously  published  mechanisms  for 
nanostructured  particles  [9].  The  first  charge  can  be  considered  as  a 
progressive  delithiation  of  Li7Sn2  and  a  back  reaction  of  poorly  lithi- 
ated  Li-Sn  phases  with  the  iron  nanoparticles  obtained  at  the  end 
of  the  first  discharge.  The  second  discharge  leads  to  the  reformation 
of  the  Fe/Li7Sn2  nanocomposite  as  observed  from  Mossbauer  spec¬ 
troscopy.  The  following  electrochemical  cycles  are  similar  to  the 
1st  charge/2nd  discharge  cycle  confirming  that  the  first  discharge 
is  an  irreversible  restructuring  step.  The  nanocomposite  obtained 
at  the  end  of  the  first  discharge  should  be  considered  as  the  real 
electrode  material  for  electrochemical  cycling. 

After  30  cycles,  the  119Sn  Mossbauer  spectrum  obtained  at  the 
end  of  discharge  shows  the  typical  asymmetrical  shape  of  bulk 
Li7Sn2  (Fig.  9a)  as  confirmed  by  the  values  of  the  hyperfine  param¬ 
eters  (Table  1).  The  57Fe  Mossbauer  spectrum  shows  a  magnetic 
sextet  and  was  fitted  with  two  components  (Fig.  9b).  The  values 
of  the  hyperfine  parameters  for  the  sextet  component  (Table  1) 
are  close  to  those  of  a-Fe  bulk  material  while  the  other  compo¬ 
nent  can  be  attributed  to  superparamagnetic  iron  nanoparticles. 
Thus,  both  119Sn  and  57Fe  Mossbauer  data  show  the  existence  of 
large  Li7Sn2  and  Fe  particles  that  can  be  attributed  to  the  growth 


and/or  coalescence  of  the  particles  during  cycling.  This  effect  is 
here  clearly  evidenced  by  Mossbauer  spectroscopy  and  explains 
the  capacity  fade.  Indeed,  large  particles  decrease  the  efficiency 
of  electrochemical  reactions  compared  to  nanoparticles  but  the 
main  effect  is  the  loss  of  electrical  contacts  due  to  stronger  vol¬ 
ume  changes.  In  the  present  work,  the  variations  of  the  specific 
capacity  vs.  cycle  number  suggest  that  this  effect  is  progressive  for 
nanostructured  particles  while  it  occurs  after  a  certain  number  of 
cycles  for  microparticles.  Since  in  the  two  cases  the  electrochemi¬ 
cal  reactions  are  very  similar,  this  could  be  due  to  differences  in  the 
evolution  of  the  electrode  material  morphology  during  cycling. 

4.  Conclusion 

FeSn2  microparticles  and  nanostructured  particles  have  been 
investigated  as  anode  materials  for  Li-ion  batteries.  In  the  two  cases 
the  first  discharge  is  based  on  the  transformation  of  FeSn2  into 
Fe/Li7Sn2  nanocomposite.  This  irreversible  conversion  reaction  is 
an  important  restructuration  step  of  the  pristine  electrode  which 
should  be  performed  at  a  low  C-rate.  The  Fe/Li7Sn2  nanocomposite 
can  be  considered  as  the  real  starting  material  for  the  reversible 
lithiation/delithiation  reactions  during  cycling.  The  specific  capac¬ 
ity  of  FeSn2  based  electrodes  is  higher  than  that  of  carbon  based 
electrodes,  even  at  1 C  rate,  but  is  retained  over  50  cycles.  The  capac¬ 
ity  fade  is  mainly  due  to  the  growth  and/or  coalescence  of  the 
particles  during  cycling.  The  observed  differences  in  the  specific 
capacity  vs.  cycle  number  between  microsized  and  nanostructured 
pristine  materials  could  be  due  to  the  morphology  of  the  particles 
which  influences  the  mechanical  and  electrical  properties  of  the 
FeSn2 /binder/conductive  additive  composites. 
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